Traversal of a symmetry-breaking phase transition at a finite rate can lead to causally-separated regions with incompatible symmetries and the formation of defects at their boundaries. Such defect formation plays a crucial role in fields as diverse as quantum and statistical mechanics, cosmology [1, 2] and condensed matter physics [3] . This mechanism is conjectured to follow universal scaling laws prescribed by the KibbleZurek mechanism (KZM). Experimental work on liquid crystals [4] and liquid 4 He [5, 6, 7] has provided confirmation of the KZM in a homogeneous setting. Recent theoretical studies [8, 9, 10] have triggered further interest in these scaling laws in other settings. Here, we determine the corresponding scaling law in a crystal of 16 laser-cooled trapped ions, which are conducive to the precise control of structural phases and the detection of defects. The experiment reveals a scaling exponent of β exp = 2.68 ± 0.06, confirming the prediction of β theo = 8/3 ≈ 2.67 for the KZM in finite inhomogeneous systems [10, 11] . This result demonstrates that KZM scaling laws also apply in the mesoscopic regime and emphasises the potential for further tests of non-equilibrium thermodynamic studies with cold ion crystals.
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The KZM applies to non-equilibrium systems traversing a second-order phase transition. Prior to the phase transition, fluctuations relax into the lowest energy equilibrium state under the dissipative influence of a cooling mechanism. The characteristic time of this relaxation increases near a structural phase transition and diverges at the critical point. Therefore, there is no finite rate at which the critical point could be traversed adiabatically and the structure of the system is effectively frozen even before it reaches the critical point. Furthermore, different regions of the system are causally disconnected due to a finite propagation speed of perturbations, allowing for multiple nucleation sites of the symmetry-broken ground states. If the choice of symmetries of neighbouring sections is incompatible, defects form where the phase boundaries meet and the system is thus prevented from reaching a global ground state.
For an inhomogeneous system, different regions reach the critical point at different moments and lead to timedependent phase boundaries. This gives rise to an adiabatic transition if the propagation speed of perturbations v s exceeds the propagation speed of the phase boundary v p , thus allowing for the causal connection of different domains and preventing the formation of defects. Hence, defects may only be created in a region of the system where v p > v s .
Laser-cooled Coulomb crystals in ion traps feature the possibility of tunable spatial inhomogeneities. In addition, this finite-sized mesoscopic system is accessible under highly-controlled experimental conditions, which permits the observation of the KZM without disturbances, initial defects [12] or impurities. Moreover, our setup features a set of parameters that can be tuned over a wide range, ideal for the study of non-equilibrium statistical mechanics.
In this work, we investigate the KZM in the structural phase transition of an ion crystal from the linear to the zig-zag configuration [13, 14] . The regular structure of localised ions in a linear Paul trap is controlled by the confining electrostatic potentials along the length of the crystal (axial) and the dynamic radio-frequency potential in the perpendicular (radial) directions, which gives rise to an effective harmonic potential in all three dimensions. The combination of the Coulomb repulsion between ions and the dissipative forces of laser-cooling yield a regular crystalline structure with minimum potential energy. For low axial trapping frequencies, this structure is a linear chain (Fig. 1 a) . When the strength of the axial confinement is increased beyond a critical value, the structure is squeezed into the radial dimensions and undergoes a structural phase transition. In the case of a radially-anisotropic trap potential, the linear crystal transforms into a planar zig-zag configuration, which can be described by a secondorder phase transition [8] . The latter phase can take the form of two symmetry-broken ground states, referred to as "zig-zag" (Fig. 1b) and "zag-zig" (Fig. 1c) configurations.
Here, we generate a harmonic axial potential such that the phase transition initiates at the centre where the ion density is the highest. The phase boundary then propagates outwards towards the ends with a finite propagation speed v p . If the curvature of the trapping potential is rapidly increased, v p can exceed the speed of sound v s , and defects may be created [15, 16] . Defects manifest themselves as kinks in the zig-zag structure of the crystal ( Fig. 1d-f derdamped regime [17] , a universal power law for the density of defects with respect to the rate of change of the control parameter, which is realised by the derivative of the trap frequency at the critical point γ := dω/dt| CP , can be derived. If the lengths of causally-connected regions are small compared to the system size, a scaling of d ∝ γ β with β = 4/3 is predicted [9, 10] . Previous work has asserted that a further doubling of the exponent occurs [11] when the system size is comparable to the size of these causally-connected regions, which in our case leads to β = 8/3.
In order to determine the scaling law of the defect formation rate, we load sixteen 40 Ca ions into a linear segmented Paul trap (see Fig. 2 ). Doppler cooling close to saturation is applied during the whole experimental cycle. We ramp the axial trap frequency from 167 kHz to 344 kHz (see Methods section and Fig. 3 ) across the critical point at 201.7 kHz. The voltage ramp is driven at different rates with time constants ranging from 0.5 µs to 4.0 µs. An image of the crystal configuration is captured 100 µs after the ramp with a 10 ms exposure time (see Fig. 1 ) and the number of kinks is counted via image analysis (see Methods section).
The measured defect formation rate as a function of the rate of change of the axial trapping frequency γ is presented in Fig. 4 (red line) for ∼60000 experiments. The predicted scaling law for the inhomogeneous finitesized system is confirmed by the observation of a scaling exponent of β = 2.68 ± 0.06, matching the prediction of β = 8/3 ≈ 2.67 over the full dynamic range of defect formation rates d.
Due to the anisotropy of the radial potential, the zig-zag phase is a planar crystal oriented in the plane of the weaker radial confinement. Furthermore, we choose a low radial anisotropy such that, if defects form, they will extend into the third dimension and be therefore axially-confined [18] . With an anisotropy of ω x /ω y = 1.03, a high proportion of the defects created are also confined, permitting the observation of defect densities as high as ∼1. However, for even a modest increase in the anisotropy, this confinement is significantly reduced. With ω x /ω y = 1.05, the defect density measured is decreased by approximately 50 %, but the scaling observed, β = 2.62 ± 0.15 (Fig. 4) , remains in agreement with the predicted value.
The experimentally determined scaling of defect formation is supported by a molecular dynamics simulation of ion trajectories during a ramp. A realistic model of the trap is employed, and the equations of motion are solved with a partitioned Runge-Kutta integrator [19] . Laser-cooling is implemented using a Monte-Carlo simulation and constant dissipation. The micromotion for each particle is fully modeled by including the oscillatory electrode potentials [20] . By monitoring the trajectory of each individual ion, we verified that no swapping of ions, and therefore no melting of the crystal, occurs during the ramping procedure and ensured that the excitation of axial oscillations is minimised (see Fig. 3 ). In conclusion, we have observed the KZM in a model system with ideal preparation, control and readout capabilities. The observed scaling of the defect formation rate is in excellent agreement with the theoretical prediction.
In future experiments, we might utilise the trap control voltages to modify the local charge density and explore the role of spatial inhomogeneities for defect formation. Instead of external trap potential ramps, spin dependent forces could be used to initiate structural phase transitions and quantum quenches [21] . Ultimately, it might be possible to cool the system deeper into the quantum regime to explore quantum statistical mechanics where phase transitions are driven by quantum rather than thermal fluctuations [22, 23] . ) gives an exponent of β = 2.68±0.06, which is in excellent agreement with the prediction of β = 8/3 ≈ 2.67. The constant offset visible at lower ramping rates stems from background gas collisions at a base pressure of 1 × 10 −9 mbar. This is supported by the observation that the background rate is directly proportional to the measurement time. The saturation is due to the maximum number of defects being limited by the system size. For comparison, the rate of defects measured with a higher trap anisotropy of 1.05 is plotted (squares), showing 50% loss of defects but a similar fitted exponent of β = 2.62 ± 0.15 (dotted line). Only the solid data points are used for the fits. The uncertainty in (dω ax /dt) | CP is deduced from the scatter of repeated recordings of voltage ramps, while the uncertainty in d is the standard deviation of the measurements.The blue stars depict the result of molecular dynamics simulations.
Methods The experiments are performend in an X-shaped micro-fabricated segmented Paul trap based on four laser-cut alumina chips each with 11 electrodes (see Fig. 2 ). The radial confinement is generated by applying a radio-frequency voltage of approximately 450 V pp at a drive frequency of Ω/(2π) = 22 MHz, resulting in a relevant radial trap frequency of ω rad /(2π)= 1.4 MHz. The axial potential is generated by a superposition of static DC potentials applied to the segmented electrodes and variable voltages applied to the conical end-cap electrodes allowing for axial frequencies ranging from ω ax /(2π) = 160 kHz to 350 kHz. In order to avoid excessive axial excitation during the ramp of the potentials a shape with the functional form
is chosen (see Fig. 3) . A field-programmable-gate-array (FPGA) enables precise timing control for triggering the camera system and an arbitrary waveform generator, which has 16 bit amplitude resolution at a 100 MHz sample rate for fast and glitch-free voltage ramps with variable time constants [24, 25] . Optical detection is achieved using an electron multiplying charge-coupled device camera with a 10-ms-exposure time, oriented at 45
• to the planar structure of the crystal.
To guarantee an efficient detection of defects and reliable categorisation of the images into different classes of possible crystal structures, their normalised two-dimensional Fourier transforms are calculated. The resulting spectra are compared to those of reference images via the sum of squared residuals. The reference images were generated by averaging manually selected samples for a total of 14 relevant configurations. A recognition threshold is applied to the sum of squared residuals to reject low-quality images (less than 5%). The density of defects is calculated as d = (n 1 + 2 n 2 )/N , where n 1 is the number of single-kink images, n 2 is the number of double-kink images and N is the total number of images, not including those rejected.
In order to estimate the stability of the crystal structure during the fluorescence detection, we repeatedly image the ions in the final axial potential. A blurred image indicates that the configuration changed during the exposure, and that the initial configuration was therefore not conserved, due to the loss of a defect or some other event, such as a background gas collision. For each of a range of exposure times from 10 ms to 1800 ms, more than 500 images were captured. The proportion of non-blurred images decreased exponentially with the exposure time, revealing a time-constant of τ = (800 ± 140) ms, the uncertainty being calculated assuming a binomial distribution combined with a sorting error. This indicates that, in the 10 ms required for imaging, the probability of a change to the crystal structure, including the loss of a defect, is less than a few percent.
